Ca-germanide and Ca-silicide crystals were synthesized by mechanical alloying (MA). The resulting powders made from the Ca and Si powders contain Ca2Si and/or Ca5Si3 phases with additional cubic phase crystals. The grown phases, namely Ca2Si and Ca5Si3, can be controlled by the Ca/Si ratio and the Si powder size. For the powders synthesized using the Ca and Ge powders, the cubic crystalline phase was synthesized. It was found that the powders synthesized from the Ca and Ge powders are covered by an amorphous layer that contains oxidized carbons. The Ca-based bulk tablets pressed from the powders show a p-type semiconducting behavior, though the powder surface is heavily oxidized, which might affect the transport property of the bulk.
I. INTRODUCTION
Recently, semiconducting silicides, which consist of non-toxic and abundant materials, have attracted much attention for their potential to create new classes of environmentally conscious electronics [1] . Alkaline-earth metal (AEM) silicides are categorized in this materials group. The growth of AEM silicides and their applications to solar cell and thermoelectric materials have been investigated [2] . The electronic properties of the AEM silicides have been comprehensively investigated [3, 4] . Concerning the Ca-based silicides, the Ca 2 Si layers and bulk crystals were successfully grown using Mg 2 Si/Si and Mg 2 Si substrates, respectively [5] [6] [7] . Moreover, the Ca 5 Si 3 powders were obtained by the heat treatment of Si powders under Ca vapor [8] . It is important to systemically understand the science and technology of this new silicide family for further developing the sustainable optoelectronic technology using silicides and related materials. The growth of these Ca-based silicides has been carried out by a reactive deposition technique in a vacuum. On the other hand, materials synthesized by the mechanical alloying (MA) technique may be crystalline, quasi-crystalline or amorphous in nature. It is also possible to synthesize metastable phases with an unknown structure by MA [9] . It is expected that the MA method combined with the * This paper was presented at International Symposium on Surface Science and Nanotechnology (ISSS-5), Waseda University, Japan, 9-13 November, 2008 . † Corresponding author: tehtats@ipc.shizuoka.ac.jp recent silicide technology would provide further development of new semiconducting silicide technologies. In this study, powders containing Ca-based compounds, such as Ca-germanides and Ca-silicides, were synthesized by MA and their structural properties were investigated as the first step in the development. In addition, the electric property of the powders was also characterized.
II. EXPERIMENTAL
Ca-based containing Si or Ge powders were synthesized by MA. As the starting materials, 325 mesh Si powder (36 micrometer APS, 99.999%), fine Si powder (0.07-0.10 micrometer APS, 98%) or Ge powder (-100 mesh, 99.999%), and Ca granules (-16 mesh, 99.5%) were used. Ca and Si (or Ge) powders were weighed in the molar ratio of Ca:Si (or Ge)=2:1 to 7:3. The powders and two 1/2 inch or four 1/4 inch steel milling balls were placed in a steel vial under an argon atmosphere, then the vial was sealed by an O-ring. The milling was carried out in a SPEX 8000 vibratory mill.
The structural properties of the resulting powders were characterized by X-ray diffraction (XRD) measurements, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In addition, the compositional analysis was completed using energy dispersive Xray spectroscopy (EDS).
In addition, the surface condition of the powders, was characterized by X-ray photoelectron spectroscopy (XPS) using a VG, ESCA-LAB Mk II with a nonmonochromatized Al K α source (hν = 1486.6 eV). The powders were stuck to sample stages by carbon adhesive tape.
For the electric measurements, the powders were pressed at 400 • C for 2 h, or at room temperature to make tablets with about a 1 mm height and 5 mm diameter. The resistivity was measured by the conventional fourprobe method, and the conductivity type was determined by the conventional thermo-probe technique. Figure 1 (a) shows the XRD spectrum of the resulting powders synthesized using the 325 mesh Si powder with Ca:Si=2:1 for 136 h. A series of diffraction peaks due to the Ca 5 Si 3 phase is observed with additional diffraction patterns. Figure 1(b) shows the XRD spectrum of the resulting powders synthesized using the 325 mesh Si powder with Ca:Si=7:3 for 90 h. Overlapped diffraction patterns due to Ca 5 Si 3 and Ca 2 Si are observed with the additional diffraction patterns the same as those observed in Fig.  1(a) . On the other hand, Fig. 1(c) shows the XRD spectrum of the resulting powders synthesized using the fine Si powder with Ca:Si=7:3 for 57 h. A series of diffraction peaks due to the Ca 2 Si phase is observed with the additional diffraction patterns the same as those observed in Fig. 1(a) . For these cases, two 1/2 inch steel milling balls were used for the milling. It is considered that the Ca rich condition and smaller particle size of the Si powder enhances the formation of the Ca 2 Si phase due to the increased Ca/Si flux ratio at the reaction front between the Si and Ca powders. The small diffraction peaks around 18.5 • are due to Ca(OH) 2 , which is formed by the pres- ence of the residual air in the vial.
III. RESULTS AND DISCUSSION
It is noted that a series of additional diffraction peaks are observed in Figs. 1(a), (b) and (c), and the pattern is typical for a cubic crystalline phase. Figure 2 (a) shows the XRD spectrum of the powders synthesized using the fine Si powder with Ca:Si=7:3 for 57 h with four 1/4 inch steel milling balls for 50 h. The diffraction peaks due to Ca 5 Si 3 and Ca 2 Si disappear, and a series of additional peaks becomes dominant. Diffraction peaks are also observed in the XRD spectrum of powders synthesized from Ca:Ge=2:1 using two 1/2 inch steel milling balls for 123 h, as shown in Fig. 2(b) . For Ca-germanide in the Ca-Ge system, the simulated XRD pattern of the Ca 7 Ge crystal well agrees with that of the observed XRD spectrum [10] .
However, the EDS measurements of the powders shown in Fig. 2 show that the average chemical composition of the powders are roughly Ca:Si 2:1 for the powders synthesized from Ca-Si, Ca:Ge 3:1 for Ca-Ge. Fig. 3(b) are labeled using the lattice spacings of the Ca 7 Ge type crystal. Figure 4 shows an HRTEM image of one of the powders synthesized from the Ca and Ge powders shown in Fig. 3(b) . The lattice spacings shown in the figure well agree with those shown in the diffraction pattern in Fig. 3(b) . The powders consist of domains with a size of about 5 nm, and the surface of the powder is covered with a thin (∼2 nm) amorphous layer. Figure 5 shows the XPS spectrum of the powders synthesized from the Ca and Ge powders. It was found that strong peaks due to C are observed as well as peaks due to Ca and O. On the other hand, smaller peaks due to Si are obtained. It should be noted that three peaks are observed for the C 1s related signals. Peak A around 287 eV is correspond to carbons included in a carbon adhesive tape or hydrocarbons attached directly on the tape, which is detected through interspace of the powders. Peak B and peak C are non-oxidized and oxidized carbons of the powder samples. They are shifted about 7 eV to a higher binding energy caused by electric charge-up of the samples. Peak B is due to hydrocarbons, which is usually observed for a contaminated surface. The peak C is energetically shifted around 5 eV from the peak B. The significant shift indicates carbons of the peak C is heavily oxidized. These XPS results were taken for the amorphous layer on the powder surface as shown in Fig. 4 . It is considered that the surface of the powders are heavily oxidized by the formation of oxidized carbons, for example, CaCO 3 , etc. Figure 6 shows the temperature dependence of the conductivity of the tablets made from the powders. The tablets were made under the conditions shown in Table   I . The electrical measurements of the tablets show their p-type semiconducting behavior as shown in the figure. The existence of the hydroxide and oxides on the powder surface significantly affect the transport phenomena of the Ca compound bulk crystals.
The compound, which causes the additional diffraction peaks that appear in observed XRD spectra, has not been clarified at this moment. The crystalline structure of the cubic Ca 2 Si has been previously reported [11] , and the Powder diffraction Pattern File (PDF) well agrees with the experimental results. However, because of the uncertainty of the data, the phase cannot be identified as cubic Ca 2 Si (JCPDS Card No. 02-0881 and 03-0798). According to the PDF, the diffraction angles of the peaks due to CaO roughly agree with those of the experimental results, but their intensity distribution does not agree with the experimental results. The band structure of the cubic Ca 2 Si (anti-CaF 2 crystalline structure) was calculated and the optimized lattice constant is 7.148Å [4] , which does not agree with the observed experimental result.
It is possible that the crystalline phase, which has a cubic crystalline structure, such as the Ca 7 Ge type, appear in the powders synthesized from the Ca and Ge powders, because of the stoichiometric distribution in the powders caused by the incomplete alloying. It is also considered as one of the possibilities that the cubic phase Ca-related compounds, such as a crystalline structure similar to the Table I . The density of these tablets is about 80%.
Ca 7 Ge type, is formed for the powder synthesized from the Ca and Si powders.
The development of reactive deposition techniques has allowed us to grow new novel silicides, such as Ca 2 Si and Sr 2 Si [5] [6] [7] [8] 12] . In addition, a vacuum-free growth technique for the β-FeSi 2 layers or bulk preparations has been developed on the basis of the reactive deposition techniques [13] . The use of MnCl 2 as a source material was also examined in order to grow MnSi 1.7 layers [14] . It has also been pointed out that the selective growth of a particular phase by the solid-phase reaction is mainly triggered by the interfacial composition, and is governed by the diffusion of the flux to the interface [15] . Moreover, the silicide growth strongly depends on the boundary conditions and not simply on the free energy of formation [16] . On the other hand, during the MA process, the powders are repeatedly flattened, cold welded, fractured and rewelded. The processes of cold welding and fracturing, as well as their kinetics, mostly depend on the deformation characteristics of the powders, and the new phase formation is determined by short-range interdiffusion of the constituents [9] . The interdiffusion process enhanced by the deformation would modify the reaction path through the silicide compounds [6] . It is expected that silicide materials or nano-scaled composites can be synthesized which cannot be usually synthesized by the conventional interdiffuion technique or reactive deposition technique. A detailed study of the structural analysis of the powders is now in progress. Further investigations will be required to understand and develop the new silicide family science and technology.
IV. CONCLUSIONS
Ca-germanide and Ca-silicide powders were synthesized by MA. The Ca 5 Si 3 powder was synthesized using the Ca:Si=2:1 powder starting materials. With the increas-ing Ca/Si ratio, the Ca 2 Si phase was formed. In addition, the use of the fine Si powder enhanced the formation of the Ca 2 Si. Moreover, the Ca 2 Si and Ca 5 Si 3 powders were obtained with additional cubic phase crystals. For the powders synthesized from the Ca and Ge powders, a cubic crystalline phase was also formed, and the observed lattice spacings of the crystals well agreed with those of the Ca 7 Ge type cubic crystalline structure. The Ca-based compound bulk tablets pressed from the powder showed a p-type semiconducting behavior, though the powder surface might be heavily oxidized, which might affect the transport property of the bulk. They can be considered new materials in the semiconducting silicide family, and their further development is expected.
